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ABSTRACT
In this paper we use the current and future cosmic microwave background (CMB) experiments to test the
Charge-Parity-Time Reversal (CPT) symmetry. We consider a CPT-violating interaction in the photon sector
Lcs ∼ pµAν F˜µν which gives rise to a rotation of the polarization vectors of the propagating CMB photons. By
combining current CMB polarization measurements, the nine-year WMAP, BOOMERanG 2003 and BICEP1
observations, we obtain a constraint on the isotropic rotation angle α¯ = −2.12±1.14 (1σ), indicating an about 2σ
significance of the CPT violation. Here, we particularly take the systematic errors of CMB measurements into
account. Then, we study the effects of the anisotropies of the rotation angle [∆α(nˆ)] on the CMB polarization
power spectra in detail. Due to the small effects, the current CMB polarization data can not constrain the related
parameters very well. We obtain the 95% C.L. upper limit of the variance of the anisotropies of the rotation
angle Cα(0)< 0.035 from all the CMB datasets. More interestingly, including the anisotropies of rotation angle
could lower the best fit value of r and relax the tension on the constraints of r between BICEP2 and Planck.
Finally, we investigate the capabilities of future Planck polarization measurements on α¯ and ∆α(nˆ). Benefited
from the high precision of Planck data, the constraints of the rotation angle can be significantly improved.
Subject headings: cosmic microwave background − cosmological parameters − cosmology: theory
1. INTRODUCTION
In the standard model of particle physics and some of its
extensions, the Charge-Parity-Time Reversal (CPT) symme-
try has a fundamental status. Probing its violation is an im-
portant way to search for the new physics beyond the stan-
dard model. Up to now, CPT symmetry has passed a num-
ber of high-precision experimental tests and no definite signal
of its violation has been observed in the laboratory. So, the
present CPT violating effects, if exist, should be very small to
be amenable to the laboratory experimental limits.
However, the CPT symmetry could be dynamically vio-
lated in the expanding universe. This has many interesting
applications. For instances, in the literatures (Li et al. 2002;
Li & Zhang 2003; Li et al. 2004; Feng et al. 2005; Li et al.
2005; Davoudiasl et al. 2005), the cosmological CPT viola-
tion has been used to generate the matter-antimatter asymme-
try in the early universe based on the mechanism proposed
in Cohen & Kaplan (1988). The salient feature of these mod-
els is that the CPT violating effects at present are too small to
be detected by the laboratory experiments, but large enough in
the early universe to account for matter-antimatter asymmetry.
More importantly, these types of CPT violating effects could
be accumulated to be observable for the cosmological probes
(Feng et al. 2005; Li et al. 2005; Feng et al. 2006). With the
accumulation of high-quality observational data, especially
those from the cosmic microwave background (CMB) exper-
iments, cosmological observation becomes a powerful way to
test the CPT symmetry.
Simply the cosmological CPT violation in the photon sec-
tor can be modeled by the coupling between photons and
an external field pµ through the Chern-Simons (CS) term
LCS ∼ pµAν F˜µν . Here F˜µν = (1/2)ǫµνρσFρσ is the dual of
the electromagnetic tensor. This coupling is gauge invariant
if ∂ν pµ = ∂µpν . This is possible if pµ is a constant field
over the spacetime or arises from the derivative of a cosmic
scalar field φ. The scalar field φ is identified as the dark en-
ergy in the quintessential baryo-/leptogenesis (Li et al. 2002;
Li & Zhang 2003) and as the Ricci scalar R in the gravita-
tional baryo-/leptogenesis (Li et al. 2004; Davoudiasl et al.
2005). The CS term violates the Lorentz and CPT symmetries
spontaneously at the background in which pµ is nonzero. One
of its physical consequences is that the polarization vector of
the photon is no longer transported parallel along the light
ray:
kµ∇µQ +∇µkµQ = 2pµkµU
kµ∇µU +∇µkµU = −2pµkµQ . (1)
Here, Q and U are Stokes parameters describing the linear po-
larizations of the radiation field. They are not conserved due
to the CS term. The vector kµ is the four-vector of the photon.
The rotation of the polarization direction of electromagnetic
waves propagating over large distances
(Q′± iU ′) = exp(±i2α)(Q± iU) . (2)
The rotation angle is the integral of pµ along the photon’s
trajectory from the source of light (s) to the observing point
(o) (Li & Zhang 2008)
α =
∫ s
o
pµdxµ . (3)
The related phenomena called “cosmological birefringence”
has the effect of changing the polarization of the radiation
from radio galaxies and quasars (Carroll et al. 1990; Carroll
1998). For CMB, it has the effect to covert part of E-modes
polarization to B-modes polarization, and especially it has the
possibility to produce TB and EB correlations even though
these are absent before recombination in the traditional CMB
theory. In the case of isotropic rotation angle, denoted as α¯,
the full set of the rotated CMB spectra (denoted by primes)
2were first obtained in Feng et al. (2006)
C
′TB
ℓ =CTEℓ sin(2α¯) ,
C
′EB
ℓ =
1
2
(CEEℓ −CBBℓ ) sin(4α¯) ,
C
′TE
ℓ =CTEℓ cos(2α¯) ,
C
′EE
ℓ =CEEℓ cos2(2α¯) +CBBℓ sin2(2α¯) ,
C
′BB
ℓ =CBBℓ cos2(2α¯) +CEEℓ sin2(2α¯) , (4)
while the CMB temperature power spectrum remains un-
changed. These formulae combined with CMB data can
be used to detect or constrain the rotation angle, i.e., the
signal of CPT violation. For instance one may detect α¯ by
searching for the distinctive TB correlation (Lue et al. 1999).
But as was first pointed out in Feng et al. (2005) that in
the CMB polarization experiments the EB spectrum will be
the most sensitive for probing the signal of CPT violation.
Another important feature of this model is that it provides a
new mechanism to produce the CMB B-modes polarization,
alternative to the primordial gravitational waves and weak
lensing. This can be seen from the last equation of Eqs.
(4), even the primordial B-modes is absent, sizable CMB
BB power spectrum can be obtained from the EE power
spectrum through the rotation. Based on Eqs. (4) the first
evidence on the rotation angle in terms of the full CMB
datasets was done in Feng et al. (2006) and stimulated many
interests in this field (see Li et al. (2005); Xia et al. (2008a);
Komatsu et al. (2009); Xia et al. (2008b); Wu et al. (2009);
Brown et al. (2009); Komatsu et al. (2011); Xia et al.
(2010); Liu et al. (2006); Xia et al. (2008c); Xia (2012);
Hinshaw et al. (2013); Geng et al. (2007); Cabella et al.
(2007); Kostelecky & Mewes (2007); Kahniashvili et al.
(2008); Finelli & Galaverni (2009); Li et al. (2009);
Gruppuso et al. (2013); Zhao & Li (2013), and references
within). These studies showed that current CMB experiments
have the possibility to detect the rotation angle at the level
of O(1◦), provide a powerful method to test the fundamental
Lorentz and CPT symmetries.
Recently, the Background Imaging of Cosmic Extragalac-
tic Polarization (BICEP1) (Kaufman et al. 2013) collabora-
tion has released their high precision three-year data of the
CMB temperature and polarization including the TB and EB
power spectra. Another CMB experiment, the Q/U Imag-
ing ExperimenT (QUIET) (Araujo et al. 2012), also pub-
lished the CMB polarization power spectra at 95 GHz with
the EB power spectrum. Furthermore, the nine-year WMAP
(WMAP9) (Hinshaw et al. 2013), BOOMERanG 2003 (B03)
(Montory et al. 2006; Jones et al. 2006; Piacentini et al.
2006) and QUaD (Hinderks et al. 2009) also provided the TB
and EB polarization power spectra. Thus, it is important and
necessary to combine these new data together to detect or con-
strain the rotation angle and to test the CPT symmetry.
However, as first pointed out in Li & Zhang (2008) the ro-
tation angle is generally direction dependent or anisotropic,
denoted by [α(nˆ)]. For instance if the external field pµ ∝ ∂µφ,
arising from a cosmic scalar field φ, the rotation angle is de-
termined by the distribution of this field on the last scatter-
ing surface. Usually this distribution is not homogeneous be-
cause φ as a dynamical field must fluctuate around its uni-
form background. Hence the CMB photons coming from dif-
ferent directions would undergo different rotations. As first
studied in Li & Zhang (2008) the anisotropies of the rota-
tion angle will introduce corrections or distortions to the spec-
tra (4) from isotropic rotation. At a later time, the authors of
Kamionkowski (2008) and Gluscevic et al. (2009) also stud-
ied the direction dependence of rotation angle and developed
a different formalism to measure the anisotropies of the ro-
tation angle and constructed the minimum-variance estimator
(similar method can also be found in Yadav et al. (2009)).
They considered the non-gaussian signal and the correlation
between different ℓ and m of the rotated polarization angu-
lar momentum introduced by the rotation. Then they applied
the estimator to constraint the anisotropic rotation angle and
found no evidence of non-zero power spectrum of rotation
angle within 3σ (Gluscevic et al. 2012). Recently, Li & Yu
(2013) performed a non-perturbative calculation of the rotated
power spectra and made constraints on the anisotropic rota-
tion angle and the shape of its power spectrum in terms of the
CMB data. According to these results, there was no significant
evidence for a nonzero rotation angle up to now.
Following the previous works, in this paper we will revisit
this problem by attaching more importance on the effects of
direction-dependent rotations on the CMB power spectra. We
will perform a global analysis on them using the latest CMB
polarization data, as well as the future simulated CMB data.
The structure of the paper is as follows: in section 2 we de-
scribe the current and future simulated datasets we use. Sec-
tion 3 contains our main results from the current observations
and future measurements, while section 4 is dedicated to the
conclusions and discussions.
2. CMB DATASETS
2.1. Current Datasets
In our calculations we mainly use the full data of WMAP9
temperature and polarization power spectra (Komatsu et al.
2011). The WMAP9 polarization data are composed of
TE/TB/EE/BB/EB power spectra on large scales (2≤ ℓ≤ 23)
and TE/TB power spectra on small scales (24 ≤ ℓ ≤ 800),
while the WMAP9 temperature data are only used to set the
underlying cosmology. For the systematic error, the WMAP
instrument can measure the polarization angle to within ±1.5
deg of the design orientation (Page et al. 2003, 2007). In the
computation we use the routines for computing the likelihood
supplied by the WMAP team. Besides the WMAP9 informa-
tion, we also use some small-scale CMB observations.
The BOOMERanG dated January 2003 Antarctic flight
(Montory et al. 2006) measures the small-scale CMB polar-
ization power spectra in the range of 150 ≤ ℓ ≤ 1000. Re-
cently, the BOOMERanG collaboration re-analyzed the CMB
power spectra and took into account the effect of system-
atic errors rotating the polarization angle by −0.9± 0.7 deg
(Pagano 2009).
The BICEP1 (Kaufman et al. 2013) and QU Extragalac-
tic Survey Telescope at DASI (QUaD) (Hinderks et al. 2009)
collaborations released their high precision data of the CMB
temperature and polarization including the TB and EB power
spectra. These two experiments, locating at the South Pole,
are the bolometric polarimeters designed to capture the CMB
information at two different frequency bands of 100GHz and
150GHz, and on small scales – the released three-year BI-
CEP1 data are in the range of 21 ≤ ℓ ≤ 335 (Kaufman et al.
2013); whereas the QUaD team measures the polarization
spectra at 164 ≤ ℓ ≤ 2026, based on an analysis of the ob-
servation in the second and third season (Wu et al. 2009;
Brown et al. 2009). They also provide the systematic errors
3TABLE 1
ASSUMED EXPERIMENTAL SPECIFICATIONS. WE USE THE CMB POWER
SPECTRA ONLY AT ℓ≤ 2500. THE NOISE PARAMETERS ∆T AND ∆P ARE
GIVEN IN UNITS OF µK-ARCMIN.
Experiment fsky ℓmax (GHz) θFWHM ∆T ∆P
PLANCK 0.80 2500 100 9.5’ 6.8 10.9
143 7.1’ 6.0 11.4
217 5.0’ 13.1 26.7
of measuring the polarization angle, ±1.3 deg and ±0.5 deg,
for BICEP1 and QUaD observations, respectively.
Very recently, the BICEP2 collaboration announced the
detection of CMB B-modes polarization and released the
data in the 150GHz frequency band (Ade et al. 2014). How-
ever, they claimed that the EB power spectra are only used
for the self-calibration of the detector polarization orienta-
tions (Keating, Shimon & Yadav 2013). Any polarization ro-
tation has been removed from the results. Therefore, in our
calculations we only use the BICEP2 data to constrain the
anisotropies of the rotation angle.
Finally, we have the CMB polarization power spectra at 95
GHz from the second season QUIET observation. Using two
pipelines to analyze the data, they characterized the EB power
spectrum between ℓ= 25 and 975 and gave the total systematic
error in the EB power spectrum (Araujo et al. 2012).
2.2. Future Datasets
The Planck collaboration has released the first cosmologi-
cal papers providing the high resolution, full sky, CMB maps.
Due to the improved precision, this new Planck data have con-
strained several cosmological parameters at the few percent
level. However, this Planck data do not include the CMB po-
larization information and the rotation angle has nothing to do
with the CMB temperature power spectrum. Therefore, cur-
rent CMB measurements are still not accurate enough to ver-
ify the possible CPT violation. In order to improve the con-
straints on the rotation angle, we follow the method given
in Xia et al. (2008a,c) and simulate the CMB polarization
power spectra with the assumed experimental specifications
of the Planck (Ade et al. 2013a) polarization measurement.
We choose the best-fit model from the Planck data (Ade et al.
2013b) as the fiducial model.
In Table 1 we list the assumed experimental specifications
of the future Planck polarization measurement. The likelihood
function is L ∝ exp(−χ2eff/2) and
χ2eff =
∑
ℓ
(2ℓ+ 1) fsky
(
A
|C¯|
+ ln |C¯|
|Cˆ|
+ 3
)
, (5)
where fsky denotes the observed fraction of the sky in the real
experiments, A is defined as:
A =CˆT Tℓ (C¯EEℓ C¯BBℓ − (C¯EBℓ )2) + CˆTEℓ (C¯TBℓ C¯EBℓ − C¯TEℓ C¯BBℓ )
+ CˆT Bℓ (C¯TEℓ C¯EBℓ − C¯TBℓ C¯EEℓ ) + CˆTEℓ (C¯T Bℓ C¯EBℓ − C¯TEℓ C¯BBℓ )
+ CˆEEℓ (C¯TTℓ C¯BBℓ − (C¯TBℓ )2) + CˆEBℓ (C¯TEℓ C¯T Bℓ − C¯TTℓ C¯EBℓ )
+ CˆT Bℓ (C¯TEℓ C¯EBℓ − C¯EEℓ C¯T Bℓ ) + CˆEBℓ (C¯TEℓ C¯T Bℓ − C¯TTℓ C¯EBℓ )
+ CˆBBℓ (C¯TTℓ C¯EEℓ − (C¯TEℓ )2) , (6)
and |C¯| and |Cˆ| denote the determinants of the theoretical and
observed data covariance matrices respectively,
|C¯|=C¯T Tℓ C¯EEℓ C¯BBℓ + 2C¯TEℓ C¯T Bℓ C¯EBℓ − C¯TTℓ (C¯EBℓ )2
−C¯EEℓ (C¯TBℓ )2 − C¯BBℓ (C¯TEℓ )2 ,
|Cˆ|=CˆT Tℓ CˆEEℓ CˆBBℓ + 2CˆTEℓ CˆT Bℓ CˆEBℓ − CˆTTℓ (CˆEBℓ )2
−CˆEEℓ (CˆTBℓ )2 − CˆBBℓ (CˆTEℓ )2 . (7)
The likelihood has been normalized with respect to the maxi-
mum likelihood χ2eff = 0, where C¯XYℓ = CˆXYℓ .
3. NUMERICAL RESULTS
In our study we make a global analysis to all the power
spectra of the CMB data we have mentioned above with
the public available Markov Chain Monte Carlo package
CosmoMC (Lewis & Bridle 2002), which has been modified
to compute the non-zero TB and EB power spectra discussed
above. We assume the purely adiabatic initial conditions and
impose the flatness condition motivated by inflation. Our ba-
sic parameter space is: P ≡ (ωb,ωc,ΩΛ, τ ,ns,As,r), where
ωb ≡ Ωbh2 and ωc ≡ Ωch2 are the physical baryon and cold
dark matter densities relative to the critical density, ΩΛ is the
dark energy density relative to the critical density, τ is the
optical depth to re-ionization, As and ns characterize the pri-
mordial scalar power spectrum, r is the tensor to scalar ratio
of the primordial spectrum. For the pivot of the primordial
spectrum we set ks0 = 0.002Mpc−1. Furthermore, in our anal-
ysis we include the CMB lensing effect, which also produces
B-modes from E-modes (Zaldarriaga & Seljak 1998), when
we calculate the theoretical CMB power spectra.
3.1. Isotropic Rotation
Firstly, we consider the constraint on the direction inde-
pendent rotation angle α¯, induced by the CS term, from the
current CMB measurements. As we know, this rotation angle
is accumulated along the journey of CMB photons, and the
constraints on the rotation angle depends on the multipoles ℓ
(Liu et al. 2006). Komatsu et al. (2009, 2011) found that the
rotation angle is mainly constrained from the high-ℓ polariza-
tion data, and the polarization data at low multipoles do not af-
fect the result significantly. Therefore, in our analysis, we as-
sume a constant rotation angle α¯ at all multipoles. Further, we
also impose a conservative flat prior on α¯ as, −π/2≤ α¯≤ π/2.
Following previous works (Pagano 2009; Xia 2012), in
this paper we consider the possible systematic errors of
CMB measurements by including two rotation angles, α¯
and β, in order to take into account the real rotation sig-
nal and the systematic errors. Therefore, in the analyses
of this subsection we have five free parameters: the direc-
tion independent rotation angle α¯ and four systematic errors,
βWMAP9,βB03,βBICEP1,βQUaD, for four CMB observations, re-
spectively. And we impose priors on these four systematic er-
rors:
βWMAP9 = 0.0± 1.5 deg , βB03 = −0.9± 0.7 deg ,
βBICEP1 = 0.0± 1.3 deg , βQUaD = 0.0± 0.5 deg , (8)
and marginalize over them to constrain the rotation angle. For
the QUIET experiment, since they already provided the sys-
tematic errors of EB power spectrum, we directly include this
information into our analysis (Araujo et al. 2012). In Figure
1 we present current constraints on α¯ from the WMAP9, B03,
BICEP1, QUaD and QUIET CMB polarization power spectra
with CMB systematic errors.
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FIG. 1.— Median values (red points) and 1σ and 2σ limits on the isotropic
rotation angle α¯ obtained from different data combinations. The horizonal
dashed line denotes the case α¯ = 0.
Using the latest WMAP9 power spectra data at all multi-
poles ℓ and the prior of βWMAP9, we obtain the constraint on
the rotation angle: α¯ = −1.06± 1.39 deg at 68% confidence
level, which is quite consistent with that obtained from the
WMAP team (Hinshaw et al. 2013) and is a significant im-
provement over the WMAP3 (Xia et al. 2008a) and WMAP5
(Komatsu et al. 2009; Xia et al. 2008b) results. Similarly, we
obtain the constraint on α¯ from the B03 polarization data:
α¯ = −4.63± 4.16 deg, with the CMB systematic effect in-
cluded. The results are in good agreement with the previous
results (Feng et al. 2006; Pagano 2009).
In our previous work (Xia et al. 2010), we reported that the
two-year BICEP1 data (Chiang et al. 2010) favored a non-
zero α¯ at about 2.4σ confidence level, due to the clear bump
structure in the BICEP1 TB and EB power spectra at ℓ∼ 150.
Even including the impact of systematic effect, the signifi-
cance is still larger than 2σ from the BICEP1 data alone (Xia
2012). Recently, the BICEP1 collaboration released the three-
year data and paid particular attention on the constraint of
the rotation angle (Kaufman et al. 2013). They carefully dis-
cussed the effects of systematic errors, the Polarization Angle
Calibration and Differential Beam Effects, on the constraint
of the rotation angle and obtained the ±1.3 deg systematic
uncertainty on the orientation calibration. Therefore, we re-
visit the limit on α¯ from the new BICEP1 data and obtain the
constraint at 68% C.L. is:
α¯ = −2.69± 1.52 deg (68% C.L.) . (9)
The significance of non-zero rotation angle reduces to 1.8σ,
due to the large systematic uncertainty of BICEP1 data. When
WMAP9 and B03 data are added to the BICEP1 data, the con-
straint on α¯ gets tightened:
α¯ = −2.12± 1.14 deg (68% C.L.) ,
−4.30 < α¯ < 0.15 deg (95% C.L.) , (10)
which implies α¯ 6= 0 at about 2σ confidence level, when con-
sidering systematic effects of these three CMB measurements.
We also constrain the rotation angle from the QUaD and
QUIET polarization data. Similarly with previous results, we
use the QUaD and QUIET data and obtain the constraint at
68% confidence level: α¯ = 0.59± 0.64 deg and α¯ = 1.88±
1.15 deg, respectively. When comparing with the result of
WMAP9+B03+BICEP1 [Eq.(10)], there is still a ∼ 2σ ten-
sion, which needs to be taken care of in the further investiga-
tion. By combining all these CMB polarization data together
and including their systematic effects, we obtain the tightest
constraint: α¯ = 0.03± 0.55 deg (68% C.L.).
Finally, we use the new BICEP2 polarization data to con-
strain the isotropic rotation angle and obtain the constraint:
α¯ = 0.12± 0.16 deg (68% C.L.), due to the self-calibration
of the detector polarization orientations (Li et al. 2014). This
constraint is clearly expected and consistent with the use of
the self-calibration method on the BICEP2 data.
3.2. Anisotropies of Rotation Angle
In this subsection, we briefly review the basics of the effects
of the direction dependent rotation angle on the CMB power
spectra (Li & Yu 2013) and perform the global analyses on
the related parameters from the current CMB measurements.
Firstly, we decompose the CMB temperature and polariza-
tion fields in terms of the spin-weighted spherical harmonics
(Seljak 1996):
T (nˆ) =
∑
ℓm
TℓmYℓm(nˆ)
(Q± iU)(nˆ) =
∑
ℓm
(Eℓm± iBℓm) ±2Yℓm(nˆ) . (11)
Then the two parity eigenstates Eℓm and Bℓm have the pari-
ties (−1)ℓ and (−1)ℓ+1 respectively. In traditional CMB theory,
the TB and EB cross-correlations vanish. As usual in the lin-
ear perturbation theory the rotation angle is decomposed into
the isotropic part and the fluctuations α(nˆ) ≡ α¯+∆α(nˆ). The
anisotropies ∆α(nˆ) considered as a random field can be de-
composed in terms of (scalar) spherical harmonics on the full
sky:
∆α(nˆ) =
∑
ℓm
bℓmYℓm(nˆ) , (12)
and it is possible to define the angular power spectrum of ro-
tation angle under the assumption of statistical isotropy of bℓm
〈bℓmb∗ℓ′m′〉 = Cααℓ δℓℓ′δmm′ . (13)
With the angular power spectrum one can calculate the two-
point correlation function using the following relation
Cα(β) ≡ 〈∆α(nˆ)∆α(nˆ′)〉 =
∑
ℓ
2ℓ+ 1
4π
Cααℓ Pℓ(cosβ) , (14)
where β is the angle between these two directions, cos(β) =
nˆ · nˆ′.
Using the non-perturbative method, we calculate the the ro-
tated power spectrum C′ℓ and express them in terms of the
unrotated ones Cℓ, via the computations of the rotated corre-
lation functions (Li & Yu 2013).
5C′ℓ
EE
+C′ℓ
BB
= exp[−4Cα(0)]
∑
ℓ′
2ℓ′ + 1
2
(CEEℓ′ +CBBℓ′ )
∫ 1
−1
dℓ
′
22(β)dℓ22(β)e4C
α(β)d cos(β)
C′ℓ
EE
−C′ℓ
BB
= cos(4α¯)exp[−4Cα(0)]
∑
ℓ′
2ℓ′ + 1
2
(CEEℓ′ −CBBℓ′ )
∫ 1
−1
dℓ
′
−22(β)dℓ−22(β)e−4C
α(β)d cos(β)
C′ℓ
EB
= sin(4α¯)exp[−4Cα(0)]
∑
ℓ′
2ℓ′ + 1
4
(CEEℓ′ −CBBℓ′ )
∫ 1
−1
dℓ
′
−22(β)dℓ−22(β)e−4C
α(β)d cos(β)
C′ℓ
TE
= cos(2α¯)exp[−2Cα(0)]
∑
ℓ′
2ℓ′ + 1
2
CT Eℓ′
∫ 1
−1
dℓ
′
02(β)dℓ20(β)d cos(β) = CT Eℓ cos(2α¯)e−2C
α(0)
C′ℓ
TB
= sin(2α¯)exp[−2Cα(0)]
∑
ℓ′
2ℓ′ + 1
2
CT Eℓ′
∫ 1
−1
dℓ
′
02(β)dℓ20(β)d cos(β) = CT Eℓ sin(2α¯)e−2C
α(0) . (15)
Here, Cα(0) ≡ ∑ℓ(2ℓ + 1)Cααℓ /4π is the variance of the
anisotropies of the rotation angle. More detailed calculations
are laid out in Li & Yu (2013). In these calculations, we as-
sume that the unrotated CMB field and the direction depen-
dent rotation angle are Gaussian random fields and have the
isotropic statistics. Consequently, the rotated polarizations of
CMB are also statistically isotropic and there spectra have no
off-diagonal terms. We have done the average on the rotation
angle field ensembles. These are different from the formal-
ism developed in Kamionkowski (2008). They considered
a fixed rotation angle field which could break the statistical
isotropy of the rotated CMB field. Therefore, some correla-
tion functions between different ℓ and m will be non-zero and
the whole calculations become complicated. We leave them
in the future work (Li et al. 2014).
Based on equations above, we show the distortions to the
CMB BB, TB and EB power spectra from the non-zero di-
rection dependent rotation angle in Figure 2. Due to the non-
zero variance Cα(0), the amplitude of BB, TB and EB power
spectra are suppressed slightly when including the direction
dependence of rotation angle, which means this fluctuation
can be safely treated as a small effect if the isotropic rotation
angle is sizeable.
In this case, we need seven more parameters to describe
the effect of the direction dependent rotation angle on CMB
polarization power spectra: the variance of the two point
correlation function Cα(0), and the six parameters for the
binned power spectrum of rotation angle: Cααℓ (i) (i ∈ [1,6]),
which are the average values of Cααℓ in the multipole re-
gions [2,100], [101,200], [201,300], [301,400], [401,500],
[501,2500], respectively. We use the binned power spectrum
Cααℓ to calculate the CMB polarization power spectra to fit
the CMB datasets, based on Eqs.(15). In the calculations, we
only impose physical priors on these parameters: Cα(0) > 0
and Cααℓ (i) > 0.
We use the WMAP9, B03 and BICEP1 data combination
to constrain the rotation angle and obtain the limits, shown as
the black dashed lines in Figure 4:
α¯ = −2.16± 1.15 deg ( 68% C.L.) ,
Cα(0) < 0.035 ( 95% C.L.) ,
Cααℓ (1) < 3.3× 10−6 ( 95% C.L.) ,
Cααℓ (2) < 1.3× 10−6 ( 95% C.L.) ,
Cααℓ (3) < 1.1× 10−6 ( 95% C.L.) ,
Cααℓ (4) < 1.3× 10−6 ( 95% C.L.) ,
Cααℓ (5) < 1.2× 10−6 ( 95% C.L.) ,
Cααℓ (6) < 1.1× 10−7 ( 95% C.L.) . (16)
We find that including the direction dependence of rotation
angle does not affect the constraint on the α¯ significantly. The
best fit value of α¯ is slightly smaller, since the non-zero Cα(0)
suppresses the rotated CMB power spectra and partly cancels
the effect from the non-zero α¯. This result also proves that
this direction dependence of rotation angle is a small effect,
comparing with the effect from the obvious non-zero α¯. The
constraints on Cα(0) and Cααℓ (i) are consistent with previous
works (Li & Yu 2013).
We also include the QUaD and QUIET polarization power
spectra into the analysis. Due to the high precision of the
high-ℓ data from QUaD experiment, the constraint on the
last bin of rotation angle power spectrum becomes tighter:
Cααℓ (6) < 6.6×10−8 (95% C.L.). We do not find the signal of
the direction dependent rotation angle from the current CMB
polarization power spectra.
Finally, we replace the BICEP1 data as the new BICEP2
data in the calculation. When combining with the WMAP9
and B03 polarization data, the 95% upper limits of the param-
eters of direction dependence of rotation angle are shrunk by
a factor of ∼ 2 (blue dash-dotted lines in Figure 4), due to the
high precision of the new BICEP2 data:
Cα(0) < 0.023 ( 95% C.L.) ,
Cααℓ (1) < 1.5× 10−6 ( 95% C.L.) ,
Cααℓ (2) < 0.6× 10−6 ( 95% C.L.) ,
Cααℓ (3) < 0.5× 10−6 ( 95% C.L.) ,
Cααℓ (4) < 0.6× 10−6 ( 95% C.L.) ,
Cααℓ (5) < 0.5× 10−6 ( 95% C.L.) ,
Cααℓ (6) < 0.5× 10−7 ( 95% C.L.) . (17)
Furthermore, we obtain the constraint on the tensor-to-scalar
ratio: r = 0.12± 0.04 (68% C.L.), which implies the non-
zero detection of the primordial CMB B-modes power spec-
trum. More interestingly, the median value of r here is slightly
lower than that reported by the BICEP2 collaboration r = 0.20
(Ade et al. 2014), since the direction dependence of rotation
angle would also contribute to the CMB BB power spec-
trum (Li & Zhang 2008; Zhao & Li 2014) and partly ex-
plain the CMB B-modes data of BICEP2 (Lee, Liu & Ng
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FIG. 2.— The theoretical BB, TB and EB power spectra of the non-zero
rotation angle. The red solid lines and the blue dashed lines are obtained
from the α¯ = −2.16 deg model and the model with α¯ = −2.16 deg and Cα(0) =
0.035, respectively. The horizonal dotted lines denote the standard CMB case
α≡ 0.
2014). As we know, the Planck data could also be used to
study the very early Universe and give the tight constraint
on the tensor-to-scalar ratio: r < 0.11 (95% C.L.) (Ade et al.
2013b). Therefore, considering the direction dependence of
rotation angle could lower the best fit value of r and let it
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FIG. 3.— Theoretical CMB power spectra (thick lines) for the best fit model
obtained from the WMAP9+B03+BICEP2 data combination. The red thin
line denotes the contribution of tensor perturbations with r = 0.2, and the
black thin line is the total CMB BB power spectrum correspondingly. For
comparison, we also show the BICEP2 observational data.
more consistent with the constraint from Planck data. Conse-
quently, the tension on the constraints of r between Planck
and BICEP2 data has been relaxed. Note that, in this case
the constraint on the isotropic rotation angle becomes α¯ =
−0.34± 1.10 deg (68% C.L.). The best fit value of α¯ is quite
close to zero, which means that the isotropic rotation angle
can not contribute extra information on CMB BB power spec-
trum. Therefore, the most contribution on the explaining the
discrepancy between BICEP2 and Planck’s constraints comes
from the anisotropic rotation angle. In Figure 3 we show the
CMB BB power spectrum of the best fit model obtained from
the WMAP9+B03+BICEP2 data combination. The effect of
nonzero anisotropic rotation angle does give contribution on
the BB power spectrum to suppress the value of r. If increas-
ing the contribution of tensor perturbations from r = 0.12 to
r = 0.2, the theoretical prediction of CMB BB power spectrum
(black thin line) is obviously higher than the BICEP2 data at
80 < ℓ < 150.
3.3. Future Planck Constraints
Since the current CMB polarization measurements can not
determine the rotation angle, especially its direction depen-
dence, conclusively, it is worthwhile discussing whether fu-
ture CMB polarization data could give more stringent con-
straints on the rotation angle. Therefore, we simulate the fu-
ture CMB power spectra with Planck to constrain the rota-
tion angle. The fiducial model we choose is the best-fit Planck
model (Ade et al. 2013b): Ωbh2 = 0.022161,Ωch2 = 0.11889,
ΩΛ = 0.6914, τ = 0.0952, ns = 0.9611, log[1010As] = 3.0973
at ks0 = 0.05Mpc−1, and r = 0. Here, we neglect the system-
atic error of future CMB measurement and the CMB lensing
effect.
For the direction independent rotation angle α¯, the fu-
ture Planck polarization measurement could shrink the stan-
dard deviation of rotation angle by a factor of 10, namely
σ(α¯) ≃ 0.06 deg, which is consistent with our previous re-
sults (Xia et al. 2008a,c). On the other hand, the future Planck
mock data can also give tighter constraints on the param-
eters related to ∆α(nˆ). The 95% C.L. upper limit of the
variance becomes: Cα(0) < 0.0036, which improves the con-
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FIG. 4.— One-dimensional distributions of parameters related to the direction dependent rotation angle α(nˆ) from WMAP9+B03+BICEP1 (black dashed lines)
and WMAP9+B03+BICEP2 (blue dash-dotted lines) data combinations and the future Planck data (red solid lines), respectively.
straint by a factor of 10. In Figure 4 we show the constraints
on these parameters from the future Planck data (red solid
lines). The high precision Planck polarization data improve
the constraints on the binned rotation angle power spectrum
significantly:
Cααℓ (1) < 9.2× 10−7 (95% C.L.) ,
Cααℓ (2) < 3.7× 10−7 (95% C.L.) ,
Cααℓ (3) < 2.5× 10−7 (95% C.L.) ,
Cααℓ (4) < 1.9× 10−7 (95% C.L.) ,
Cααℓ (5) < 1.8× 10−7 (95% C.L.) ,
Cααℓ (6) < 1.4× 10−8 (95% C.L.) . (18)
The future Planck data could verify the non-zero rotation an-
gle and its direction dependence, as well as the possible cos-
mological CPT violation.
4. CONCLUSIONS AND DISCUSSIONS
Probing the signals of fundamental symmetry breakings is
an important way to search for the new physics beyond the
standard model. Now detecting the rotation of the CMB po-
larization induced by the Chern-Simons coupling is consid-
ered as an effective and important method to test Lorentz and
CPT symmetries in the physics and cosmology communities.
In this paper we present constraints on the rotation angle and
its anisotropies using the latest CMB polarization data, as well
as the future simulated Planck data.
Following the previous works, we include the systematic
effects of CMB polarization data in the analysis. Due to the
larger systematic error of new BICEP1 three-year data, the
significance of non-zero rotation angle reduces to around 2σ,
namely α¯ = −2.12±1.14 (deg) from WMAP9+B03+BICEP1
data combination. We still find a∼ 2σ tension between QUaD
and WMAP9+B03+BICEP1 observations. When combining
all CMB polarization data together, we obtain the tightest
constraint on the rotation angle at 68% confidence level:
α¯ = 0.03±0.55 deg. Furthermore, we investigated the impact
of the direction dependence of the rotation angle on the CMB
polarization power spectra in detail and perform a global anal-
ysis to constrain the related parameters using CosmoMC. We
found that the anisotropies of the rotation angle are just weak
disturbances, namely the variance Cα(0)< 0.035 at 95% con-
fidence level. Due to the small effects, the current CMB po-
larization data can not constrain these parameters very well.
The obtained results are consistent with zero.
We also consider the new BICEP2 polarization data. Since
the BICEP2 collaboration uses the “self-calibration” for the
detector polarization orientations, any polarization rotation
has been removed from their data. Therefore, we mainly use
this data to study the anisotropies of the rotation angle. When
combining with WMAP9 and B03 data, we obtain tighter con-
straints, which however are still consistent with zero, on the
parameters of the anisotropies of the rotation angle. Interest-
ingly, since the direction dependence of rotation angle would
also contribute the CMB BB power spectrum, considering this
direction dependence could lower the best fit value of r and re-
lax the tension on the constraints of r between from BICEP2
and from Planck data.
Since the current constraints on the rotation angle are not
conclusive, we simulate the future Planck polarization data.
We find that the future CMB data could significantly improve
the constraint of α¯ by a factor of 10, as well as the parame-
ters related to the direction dependence of the rotation angle.
The future Planck data could constrain the non-zero rotation
angle and its anisotropies and test the CPT symmetry more
stringently.
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